Abstracts-The colloidal state (stable, coagulated, or gel-like) and the theological properties of Na-rich montmorillonite (Wyoming) dispersions are strongly influenced by organic cations. This effect is shown for homologous organic cations: alkyl trimethylammonium ions, paraquat, diquat, alkyl bispyridinium ions, and the triphenylmethane dyes crystal violet, methyl green, and tris (tri-methylammonium phenyl) methane chloride. The critical coagulation concentrations, cK, are small (often < 1 mmol/L) because the cations are enriched in the Stern layer and influence the solvent structure near the surface. The strong adsorption of the counterions at the clay-mineral surface causes CK values to increase with the solid content. Charge reversal (recharging) of the particles was observed with the longer chain alkyl trimethylammonium ions, dodecyl bispyridinium ions, and crystal violet. Other cations reduced the electrophoretic mobility to zero but positive particle charges were not observed.
INTRODUCTION
Organic cations are strongly adsorbed by clay minerals and are very effective destabilizing agents for clay-mineral dispersions, even at very low concentrations. The structure of the aggregates differs from those formed by addition of inorganic salts, and these differences may be observed with the naked eye. Usually, addition of inorganic salts to a clay dispersion yields either more or less dense sediments or gel-like structures (Abend and Lagaly, 2000) , whereas flocs and clusters of flocs are observed with organic salts. The lowest salt concentration which causes destabilization is called the critical coagulation concentration, oK, This concentration can be determined by visual inspection of very dilute clay-mineral dispersions (<0.1% w/w solid content) after addition of increasing amounts of salt.
The interaction of clay minerals with paraquat (Raupach et al., 1979) and diquat was studied in detail because the adsorption was considered to be dependent on the charge-pattern interactions (Lagaly, 1986a) , i,e., the fit or misfit of the charge distances in the adsorptive and the silicate layer (Weed and Weber, 1969; Philen et al., 1970 Philen et al., , 1971 Haque et al., 1970) . Recently, adsorption of paraquat, which is an important herbicide, was studied by Rytwo et aL (1996a Rytwo et aL ( , 1996b .
The adsorption of triphenylmethane dyes (crystal violet, methyl green) on montmorillonite was studied extensively by Margulies and Rozen (1986) , Yariv et al. (1989) , Rytwo et al. (1993 Rytwo et al. ( , 1995 Rytwo et al. ( , 1996a , and Schramm et al. (1997) . Cationic surface-active agents like alkylammonium ions and alkyl trimethylammonium ions interact strongly with clay minerals (Lyklema, 1994; Xu and Boyd, 1995; Ijodo and Pinnavaia, 1998) . The interaction of primary n-alkylammonium ions with 2:1 clay minerals provides a simple and effective method for layer charge determination (Lagaly, 1994) . The influence of organic compounds on the flow behavior of clay minerals is important in many practical applications (Lagaly, 1993a) . The organic compounds can change the transport of clay minerals in soils and affect the soil mechanics (Wienberg, 1990; Hasenpatt et al., 1989; Schmidt and Lagaly, 1999) .
We report the destabilization of colloid dispersions of Na-rich montmorillonites by different types of organic salts: alkyl trimethylammonium chlorides, triphenylmethane dyes, paraquat, and diquat ( Figure 1 ). These salts also showed a strong influence on the flow behavior and rheological properties of the dispersions. Figure 1 . Organic salts which strongly influence the colloidal properties of Na-rich montmorillonite dispersions.
EXPERIMENTAL
Sodium-rich montmorillonite was separated from a Wyoming bentonite ("Greenbond", M40A, obtained from Siid-Chemie, Germany) with the following treatments: dithionite-citrate reduction and oxidation with H202. Following these treatments, the bentonite was sodium saturated, size fractionated (<2-~xm fraction), dialyzed, and freeze-dried (Stul and van Leemput, 1982; Tributh and Lagaly, 1986; Permien and Lagaly, 1994a) . The mean-layer charge was 0.28 eq/mol (Si, Al)4010 (alkylammonium method); the exchange capacity was 0.95 meq/g (by NH4 + exchange) (Schmidt and Lagaly, 1999) .
Alkyl trimethylammonium chlorides (T1, T6, T12, T16) were obtained from Fluka (Switzerland, "puturn'" quality). Methyl bispyridinium chloride (BP1) was prepared according to Briidgam and Hartl (1986) , and hexyl and dodecyl bispyridinium chloride (BPd, BP12) by the method of Knight and Shaw (1938) . All compounds were transformed into chlorides with an ion-exchange resin (Dowex 1 • 4, Fluka, Switzerland). Paraquat (PQ), diquat ("Pestanal" quality, DQ), crystal violet (CV), and methyl green (for microscopy, MG) were obtained from Riedel-de-Haen (Germany). Tris (trimethylammonium phenyl) methane chloride (TTP) was synthesized as described by Schneider et al. (1992) . Sodium, calcium, and aluminum chloride were studied as inorganic reference salts.
A stock dispersion was prepared by mixing an appropriate amount of freeze-dried Na-rich montmorillonite with water, followed by ultrasound treatment (80 W, 40 kHz), shaking for 72 h, and then by additional ultrasound treatment. Aliquots of this solution were mixed with aliquots of electrolyte solutions so that the solid content of the dispersions was 0.5% w/w in the rheological experiments. Electrophoretic mobility measurements were performed with 0.05% w/w dispersions. The dispersions were shaken for 24 h after mixing and then allowed to rest for a further 24 h. Before performing the rheological measurements, the samples were shaken gently for several seconds. The pH of the dispersions was --6.5. The flow behavior (rheology) of the Na-rich montmorillonite dispersions containing Na +, Ca 2+, A13+, or organic cations was characterized by the plastic viscosity, "q, the yield value, r0, the storage modulus, G', and the loss modulus, G". The plate-plate geometry (Physica UDS 200, plate diameter 50 mm, gap 0.5 mm, temperature 15~ was used because it was more convenient for the investigation of flocculated systems than the cone-plate or Moony-Ewart arrangement.
Viscosity was determined by recording the shear stress, r, at shear rates, ~/, linearily increasing from 0 to 2000 s-L The plastic viscosity (Gtiven, 1992) was derived from the linear section of the flow curves at high shear rates. Yield values were obtained by continuously increasing 9 and measuring the resulting deformation, -/, and 4-The intersection of the curves ~/ = fir) and ~/ = fir) represented the yield value ( Figure  2) .
The storage modulus G' was measured by oscillatory shear. Correct values of G' are only obtained at linear viscoelastic behavior and loss angles of <45 ~ (Hochstein and Gleissle, 1995) . This condition was checked in stress-controlled experiments by increasing the momentum from 2 to 20 t~Nm (0.1 to 0.8 Pa) at a frequency of 1 Hz. At momenta of <10 /xNm, the modulus remained constant with increasing oscillation frequency (0.5-5 Hz). The reported values of the moduli were measured at a momentum of 3 IxNm at 1 Hz.
The critical coagulation concentration, cK, of the inorganic and organic salts was determined by visual inspection of the behavior of 0.025% Na-rich montmorillonite dispersions Lagaly, 1994b, Lagaly et al., 1997) . With more highly concentrated dispersions, --<0.5% w/w, a clear distinction between the stable and the coagulated sol was often difficult, in particular when inorganic salts were used.
The electrophoretic mobility of the montmorillonite particles in the presence of inorganic and organic salts was measured by microelectrophoresis (PenKem 501). The error in measurement increased to about -+3.5 • 10 -5 cm 2 V ~ s t when the particles began to aggregate near the zero point of charge. Owing to the deep color of the 0.5% montmorillonite-dye dispersions, the electrophoretic mobility could not be measured with this optical detection method. Schramm et al. (1997) reported the electrophoretic mobility of 0.07% dispersions of homoionic montmorillonites in the presence of crystal violet.
RESULTS

Critical coagulation concentration
The cK value of 0.025% w/w Na-rich montmorillonite dispersions decreased from 5 mmol/L for NaC1 to 0.4 mmol/L for CaClz and 0.08 mmol/L for AICI3 (Table 1). Na-rich montmorillonite dispersions typically have c K values of 5-10 mmol/L NaC1 (Lagaly, 1993b; Permien and Lagaly, 1994b) . A similar value was observed for tetramethylammonium counterions. The cK values of the dispersions with organic cations were distinctly smaller.
The cK value is usually measured at very low solid contents (Lagaly et al., 1997, Chap. 11 (Table 1) . Reliable cK values were obtained from the steep increase of the viscosity at a certain salt concentration. The salt concentration where the viscosity of the 0.5% dispersion exceeded 1.6 mPas was taken as the critical coagulation concentration. The salt-free dispersion of 0.5% w/w Na-rich montmorillonite had a viscosity of 1.51 _+ 0,03 rnPas. The cK value decreased with increasing chain length of the alkyl trimethylammonium and alkyl bispyridinium ions. This behavior is typical of surface-active counterions (Lagaly et al., 1997, Chap. 3). The different distance between the charges in paraquat and diquat did not affect cK. This corresponded to the influence of alkyl bispyridinium cations. Increasing chain length from methyl to hexyl reduced the critical concentration (0.5% dispersion) slightly from 0.85 mmol/ L to 0.62 rnmol/L. The effect of an increasing charge separation became stronger with longer alkyl chains: cK of the dodecyl derivative was 0.18 mmol/L. The ionic charge increasing from crystal violet to methyl green did not influence CK, but the trivalent cation TTP reduced this value strongly and, among all systems, showed the lowest critical coagulation concentration.
The variation of c~: with solid content is illustrated in Figure 3 . In the presence of sodium, calcium, and aluminum ions, cationic surfactants, and triphenyl methane dyes, the cK values were clearly different even at the lowest solid contents. In contrast, the critical concentrations of BP6, BP12, PQ, and DQ were identical at the lowest particle concentrations.
Viscosity
The plastic viscosity as a function of the salt concentration changed in a similar way for all dispersions: an initial decrease to a minimum, then a steep increase. Increasing valency of the inorganic cations strongly reduced the critical salt concentration (Figure 4) . The curves for the dispersions containing cationic surfactants were shifted to lower values with increasing chain length ( Figure 5 ). Paraquat and diquat yielded almost identical viscosity curves, and the minimum was very weak (Figure 6 ). The minimum was pronounced in the presence of the bispyridinium cations. At higher concentrations the viscosity reached the values of paraquat and diquat. The monovalent and divalent dyes exerted the same influence on the viscos- ity; the trivalent cation TTP raised the viscosity at much lower concentrations ( Figure 7) .
Yield values
The yield value % of most dispersions with organic salts increased steeply at low salt concentrations and remained constant at higher concentrations. Figure 8 serves as an example. Table 2 shows the yield values of the plateaus and the salt concentration at which the plateau was reached. The yield values were very small in the presence of calcium chloride and aluminum chloride (0.2 Pa for Ca 2 § and 0.7 Pa for AP + at the maximum) but large when organic salts were added. Increasing chain length of the alkyl trimethylammonium ions increased the yield value from 2 Pa (T1) to 71 Pa (T12). The hexadecyl derivative (T16) reached 36 Pa, but decreased to 0.6 Pa at higher concentration (Figure 8a) . Extremely high yield values were measured after addition of paraquat (1130 Pa) and diquat (42 Pa) (Figure 8b ). Dispersions with bispyridinium ions showed the maximum yield value for the hexyl derivative. The yield value of dispersions with crystal violet (maximum of To: 18 Pa) disappeared above 2 mmol/g; with methyl green and TTP, % remained at a plateau of -8 Pa. In most cases, % reached the plateau at salt concentrations around or below 1 mmol/g.
Storage modulus
The storage modulus of the 0.5% dispersions of Narich montmorillonite in NaC1 solutions was very small (<10 -2 Pa) and the linear viscoelastic condition was not attained . Calcium and aluminum ions increased G' to -1 and 10 Pa, respectively ( Figure 4 ; Table 2 ). These values were small compared with the high moduli in the presence of organic cations.
Tetramethylammonium ions yielded a storage modulus between 10-20 Pa (Figure 5 Figure 5 . Plastic viscosity, ~q, storage modulus, G', and electrophoretic mobility, tz, of 0.5% dispersions of Na-rich montmorillonite after addition of c (mmol/g) of alkyl trimethylammonium ions T1, T6, T12, T16. angle, g = tan-l(G"/G'), was smaller than 5 ~ also indicating the high elasticity of the network structure. The dispersions with CaC12 showed a maximum G' of 1.4 Pa, G" = 0.9 Pa, and 6 = 35 ~ . With aluminum ions, G' increased to 10 Pa (G" = 3.6 Pa, 6 = 20 ~ ) and decreased to G' ~-G" --1.5 Pa (g = 41 ~ at concentrations > 10 mmol/g.
Recharging of the particles
The compression of the diffuse layer at increasing salt concentration decreases the electrophoretic mobility of the particles (Lagaly, 1986b; Lagaly et al., 1997, Chap. 10) . The zeta potential became slightly positive in the presence of larger numbers of aluminum ions (Figure 4) . The effect was not sufficiently strong to repeptize the coagulated montmorillonite, but the elasticity of the particle network was distinctly reduced (Figure 4) . Recharging is typical of surfactants (Lagaly, 1986b; Btihmer and Koopal, 1992; Lyklema, 1994; Lagaly et al., 1997) and was pronounced for T12, T16, and BP12 (Figures 5 and 6 ), also causing .j oo, I . repeptization. Paraquat, diquat, and the bispyridinium salts, BP1 and BP6, reduced the mobility, and the particles appeared to be virtually uncharged at amounts of >--1 mmol/g ( Figure 6 ). Recharging by crystal violet caused repeptization of the particles (Yariv et aL, 1990; Schramm et al., 1997) .
DISCUSSION
Critical coagulation concentration
Many practical applications involving bentonites are based on the colloidal behavior of dispersions: stable, coagulated, or gel-like (Abend and Lagaly, 2000) . Narich montmorillonite dispersions are coagulated by NaC1 concentrations of -5 mmol/L (Table 1) (Lagaly 1993b; Permien and Lagaly, 1994b) . This value is extremely small compared with many other colloidal dispersions which show c~ values >50 mmol/L (Lagaly et aL, 1997, Chap. 3) . The small value is caused by the interaction between the negative edges and negative faces of the clay-mineral particles at low salt and solid content (Permien and Lagaly, 1994b; Abend and Lagaly, 2000) .
As expected on the basis of electrostatic stabilization (Lagaly et aL, 1997, Chap. 3 .1), the critical calcium and aluminum concentration, 0.4 and 0.08 mmol/ L, is distinctly smaller than the critical sodium concentration. The difference between the critical concentrations results from the compression of the diffuse ionic layer with increasing ionic charge of the counterions. The relation between cK (1), i.e., the critical coagulation concentration of Na +, cK (2), and cK (3) corresponding to the values for Ca z+ and A13+, respectively, is (Table 1, 0.025% dispersions): cK (1) --12 cK (2) = 63 cK (3). This ratio of the cK values may be compared with the ratio predicted by the DLVO theory (Overbeek, 1980; Lagaly et al., 1997; Chap. 3 .1): CK (1) = (4--64) CK (2) = (9--729) C K (3). The smaller value corresponds to low surface potentials (--<50 mV) and the large value to surface potentials >-150 inV. As the surface potentials calculated from the surface charge density are distinctly higher, the observed CK ratio confirms the strong Stern-layer adsorption of the inorganic counterions (Chan et al., 1984; Goldberg, 1992; Gan and Low, 1993; Lagaly, 1994a, 1994b; Quirk and Mar~elja, 1997) . The monovalent organic cations are adsorbed more strongly than the inorganic ions. They strongly reduce the surface potential, and the CK values drop below 1 mmol/L (Table 1, 0.025% dispersions). The CK values for divalent organic cations are in the range of the critical concentrations of the monovalent organic cations. The CK values of A13+ and TTP are comparable.
The ionic charge of the organic counterions is distinctly less important than for inorganic ions, because even the monovalent cations strongly reduce the surface potential. This implies that the discreteness of the charges must be considered. The charges of the 2:1 layers are clearly separated (surface charge density ~0 0.1 C/m2). The 0.025% dispersion of the montmorillonite with a cation-exchange capacity of 0.95 meq/ g contains 0.95 • 0.25 = 0.24 mmol/L counterions. Therefore, the amount of monovalent cations for charge compensation is -->0.24 mmol/L. The CK values are of this order of magnitude if the cations do not have hydrophobic tails that are too long. Certainly, not all surface charges must be compensated to destabilize the dispersion (see also Schramm et al., 1997) . At small potentials, cK becomes very dependent on the Stern potential (Lagaly, 1986b; Lagaly et al., 1997, Chap. 3). The consequence is that even a weak increase in adsorption reduces CK strongly.
Complete charge compensation of the 0.025% dispersion requires 0.12 mmol/L divalent cations. In fact, the critical concentrations are --0.1 mmol/L but higher values were also observed. A proportion of divalent cations, in particular with short distances between the charges (chain lengths --<6 carbon atoms), do not compensate two negative surface charges but are attached to one surface site only.
Within a homologous series, for instance, trimethyl alkylammonium or bispyridinium ions, cK decreases with increasing molecular size. This effect is not a part of DLVO theory and is caused (a) by the van der Waals attraction between the hydrophobic parts of the organic cations attached to different particles and (b) by the influence of the organic cations on the solvent (water) structttre near the surface (Lagaly and Witter, 1982; Lagaly et al., 1983; Lagaly, 1987) . The disturbance of the water structure enhances the adsorption of the counterions and decreases the Stern potential and the electrostatic repulsion. In some cases, the water structure reduces the repulsive hydration forces which contribute to the dispersion stability (Israelachvili, 1994) .
When the salts solely regulate the thickness of the diffuse ionic layers (DLVO theory), CK is independent of the solid content. The critical coagulation concentration increases with the solid content when the counterions are adsorbed in the Stern layer (Stumm et al., 1970; Rooy et al., 1980; Lagaly et al., 1997, Chap. 11 ). This behavior of CK is observed for Na-rich montmorillonite dispersions in the presence of inorganic and organic counterions. The cK values increase considerably with the particle concentration (Figure 3 ; Table 1). When the solid content is raised to 5 g/L, complete charge compensation would require 0.95 X 5 = 4.8 mmol monovalent organic cations per liter. In most cases, the coagulation concentrations are distinctly smaller, because of the formation of tactoids at these relatively high particle concentrations. The distance between the 2:1 silicate layers within the tactoids is smaller than the distance between the tactoid units. Coagulation starts when the forces between the external surfaces of neighboring tactoids become attractive (Schramm and Kwak, 1982; Schramm et al., 1997) , more precisely, when the barrier of the potential curve becomes smaller than --20 kT (Permien and Lagaly, 1994a) .
Rheological properties
The appearence of attractive forces at CK steeply increases the viscosity of the dispersions (Figures 4-7) . This behavior can be used to measure the coagulation concentration of more highly concentrated dispersions (-->0.1% w/w).
The plastic viscosity increases at cK but the interactions between the particles are too weak to create a yield value. Somewhat higher salt concentrations are required to build a network which resists the shearing forces below a threshold value. In most cases, the yield value increases rapidly after addition of small amounts of salt and reaches plateau values at -0.5 mmol/g salt ( Figure 8 ; Table 2 ). This indicates that complete charge compensation (which requires 0.95 mmol/g) is not required to establish the maximum yield value.
The strength of the network against shearing forces, i.e., the yield value, increases from T1 to T12 owing to the increasing attractive forces between the particles. The decrease of the yield value for T16, despite a distinctly smaller cK, suggests that the longer chains held the particles at larger distances so that disruption of the contacts by the mechanical force is facilitated.
The divalent organic cations can bridge between neighboring 2:1 silicate layers and create a network of high mechanical stability. One expects the highest yield values for paraquat and hexyl bispyridinium chloride, which is observed. Both cationic charges in BP1 are too close to enable effective bridging. This geometric influence also reduces the stiffening effect of diquat compared with paraquat. The smaller yield value with BP12 may be caused by adsorption of a part of the cations in a way that both ionic end groups are attached at the same particle so that the number of interparticle contacts is reduced.
The yield value of the CV-containing dispersions increases at distinctly higher concentrations than MG and TTE but reaches a higher maximum value. The Clays and Clay Minerals decrease at 2 mmol/g CV results from recharging of the particles by CV cations adsorbed in excess to cation-exchange capacity (Schramm et al., 1997) . Rytwo et al. (1995) showed that the plane of the monovalent CV cations lies at slight inclination relative to the 2: llayer silicate surface, whereas the divalent MG cations are oriented with their plane parallel to the surface (Margulies and Rozen, 1986) . The van der Waals contact between the inclined CV cations of two adjacent 2:1 layers creates a larger yield value than the interactions between the flat-lying and more highly charged MG and TTP cations.
The yield value indicates the stability of the network structure against shearing forces. Information on the elasticity of the network structure is provided by G'. This value changes with increasing salt concentration in the same way as the yield value. Thus, the T12 dispersion has the highest storage modulus (maximum 2000 Pa) ( Table 2 ). Like the yield value, G' decreases with increasing loading. The bispyridinium cations reveal the same trend, and G' is highest for BP6. The divalent paraquat cations are the most effective strengthening agents; G' of the 0.5% dispersion increases to several thousand Pa ( Figure 6 ). As discussed above, bridging of neighboring particles by DQ and BP1 is less effective and the storage modulus is smaller.
Recharching of the particles by adsorbed CV cations causes the collapse of G' at >--2 mmol/g. G' of the MG-and TTP-contalning dispersions increases to a maximum value at --0.5 mmol/g then decreases to 30-50 Pa (Figure 7 ) because the particles are not redispersed. The yield value also shows a maximum. A simple model to explain the behavior is that two and three positive charges distributed over the adsorbed triphenyl methane ions interact with the negative charges of unoccupied sites of neighboring 2:1 layers (like in the mosaic model of charge neutralization by polymers; Gregory, 1973; Lagaly et al., 1997, p. 123) which increases G' and %. ff the surface coverage by MG and TTP cations increases, these additional interactions are weakend, and G' and r decrease to a lower plateau value.
